Viruses are the most abundant biological entities on Earth and play an important role in microbial community dynamics and biogeochemical cycling, yet their ecological characteristics in estuarine ecosystems are unclear. Here, virioplankton communities in a typical subtropical estuary, the Jiulong River estuary (JRE) in China, were investigated. The abundance of virioplankton ranged from 1.01 ± 0.05 × 10 7 to 1.62 ± 0.09 × 10 7 particles mL −1 in JRE, and the population size of viruses was correlated with temperature and nutrient levels. Three tailed viral morphotypes (myovirus, siphovirus and podovirus) were observed. Phylogenetic analysis showed that most of the g23 sequences in the JRE fell into three previously established groups (Marine, Paddy and Lake Groups) and two potential Estuary Groups. This demonstrates the co-existence of typical freshwater and marine T4-like myoviruses in the estuarine ecosystem, suggesting the movement of viruses and their hosts among biomes. Additionally, the spatial variation of g23 sequences suggests a geographic distribution pattern of T4-like myoviruses in the JRE, which might be shaped by the environmental gradient and/or their host distribution. These results provide valuable insights into the abundance, diversity and distribution patterns of virioplankton, as well as the factors influencing them, in subtropical estuarine ecosystems.
INTRODUCTION
Viruses are ubiquitous on Earth. They are the most abundant biological entities, being 5-to 25-fold more numerous than prokaryotes in aquatic environments (Wommack and Colwell 2000; Weinbauer and Rassoulzadegan 2003) . The majority of viruses in aquatic environments are thought to be bacterial viruses (bacteriophages or phages; Wommack and Colwell 2000) . Many studies have shown the ecological importance of phages as a key factor influencing microbial diversity, shaping community structure and enhancing nutrient cycling in the ocean (Jacquet et al. 2010; Zhang, Wei and Cai 2014) . Previous observations have suggested that tailed phages (in the order Caudovirales, which are morphologically classified into three families Myoviridae, Siphoviridae and Podoviridae (Suttle 2005) ), predominate in the aquatic environments (Ackermann 2003 ).
An important member of the Myoviridae family is the 'T4-like phages,' a diverse group of lytic phages with genetic homologies and morphological similarities to the well-studied coliphage T4 (Ackermann and Krisch 1997) . T4-like phages are among the most widespread and abundant viral groups, and are emerging as a dominant 'signal' in wild populations (Ignacio-Espinoza and Sullivan 2012) . They have been isolated from a variety of hosts, including typical heterotrophic bacteria such as Escherichia coli, Vibrio, Pseudomonas and SAR11, and autotrophic cyanobacteria such as Prochlorococcus and Synechococcus. Most of the isolated cyanophages have been characterized to be T4-like viruses. According to previous studies, approximately 5%-10% of cyanobacteria in the ocean are infected by phages daily (Suttle and Chan 1993; Suttle and Chan 1994) , indicating that phage-mediated ecological processes contribute significantly to primary production, microbial community composition and biogeochemical cycling in the ocean. Because of the ecological importance, the diversity of T4-like myoviruses has been examined in various marine environments (e.g. Chesapeake Bay, bays of British Columbia, Gulf of Mexico, the western Arctic Ocean and hydrothermal vents) and inland freshwater environments (subalpine lakes, glaciers and soils) based on the phylogenetically conserved g23 gene, which encodes for the major capsid protein (Bellas and Anesio 2013; Zhong and Jacquet 2014; Millard, Pearce and Zwirglmaier 2016) . However, our knowledge about viruses in estuarine environments is very limited (Auguet et al. 2005; Jiao et al. 2006; Chen et al. 2009 ). Compared to other environments, relatively little is known about the diversity and composition of viral communities (T4-like myoviruses in particular) in estuaries, although estuaries constitute a vital, dynamic jointing ecosystem of inland waters and oceans. Driven by natural and anthropogenic factors, estuarine ecosystems are a basin for microorganisms originating from river, ocean and soil, and show great diversity with complex community structures (Helton and Wommack 2009; Fortunato et al. 2012) . Moreover, estuaries contain the mixing fronts of marine tidal waters, river outwelling waters and human domestic sewages, providing novel habitats for microbes. By investigating the diversity and community structure of microbial populations in estuaries, including estuarine bacterioplankton and virioplankton, we can better understand the ecological function and biogeochemical cycle of estuarine ecosystems, which is vital for the sustainable development of ecological environments.
Jiulong River, the second largest river in Fujian Province, China, is characterized by a large population and a welldeveloped aquaculture, forming a complex subtropical Jiulong River estuary (JRE) with high microbial diversity. The microbial community composition in the JRE is mainly influenced by the freshwater discharge, saltwater intrusion and nutrient input (such as phosphate and nitrogen; Liu, Yang and Zhang 2011). As the virus-host interaction is tightly coupled, the spatial dynamics of the bacterial community composition in the JRE might be strongly linked to corresponding changes in the co-habiting viral communities. In this paper, we report the abundance and spatial variation of virioplankton in the JRE. We also determine the morphological diversity of virioplankton by transmission electron microscopy (TEM). Previous metagenomic analysis of JRE virome indicated that viral diversity is distinct with other typical oceanic and freshwater viromes and myoviruses are an important viral group (Cai et al. 2016) . To more systematically understand this dominant viral community in the JRE, we investigated the genetic diversity of T4-like myoviruses in JRE based on the g23 gene. Our study will be pivotal for elucidating microbial communities, their dynamics and their ecological functions in (subtropical) estuarine ecosystems. 
MATERIALS AND METHODS

Sampling and environmental parameters
Approximately 5 L of surface water from each of 6 sites along the JRE was collected into sterilized bottles on October 15, 2014 (Fig. 1) . The temperature, salinity, dissolved oxygen and pH were measured in situ with a YSI Professional Plus multiparameter meter (YSI Incorporated, Yellow Springs, OH, USA). Samples for morphological and molecular analysis of viruses were processed immediately as described by Suttle et al. (Suttle and Chan 1991) . Briefly, the samples were filtered through a 3.0-μm-pore filter to remove large particles. Bacterioplankton and small eukaryotes were then removed by tangential flow filtration (TFF) equipped with a 0.22-μm-pore filter (Millipore Corp., Billerica, MA, USA). Viral particles were further concentrated using a TFF cartridge (30 kDa molecular weight cut-off) and stored at 4
• C for further analysis.
Enumeration of viral and microbial abundance
To estimate the abundances of virus and microbe, replicate samples (2 mL) were collected and fixed with a final concentration of 0.5% v/v glutaraldehyde at 4
• C for 15 min in the dark and then frozen in liquid nitrogen. Total prokaryotes were enumerated by Accuri C6 Flow Cytometer (Becton, Dickinson and Company, NJ, USA) and identified in plots of side scatter vs. green fluorescence (Fig. S1A , Supporting Information). Virus samples were analyzed on a flow cytometer (Beckman Coulter, CA, USA) as described previously (Brussaard 2004 ) and discriminated by the side scatter and green fluorescence signal (Fig. S1B , Supporting Information).The autotrophic picoplankton and picoeukaryotes were detected by a previously described method (Jiao et al. 2002) . Autotrophic microbes were identified in plots of side scatter vs. red fluorescence and orange fluorescence vs. red fluorescence (Fig. S1C , Supporting Information). Flow cytometry analyses of all microbial groups were duplicated to avoid possible bias. All data analyses were performed using ExpoTM32 MultiCOMP software (Beckman Coulter, CA, USA).
Determination of nutrients
Samples for nutrients analysis were obtained by filtration of water samples through 0. 
Morphological characteristics of virus-like particles
The morphology of virus-like particle was determined by TEM. Approximately 20 μL of the virus concentrate was attached to a copper mesh coated with carbon film (200 mesh) for 10-30 min, then stained with 1% w/v phosphotungstic acid for approximately 20 min and dried for 30 min. The samples were observed at 120 kV using a JEM-2100 transmission electron microscope, and the images were collected using a GATAN Inc. CCD image transmission system.
DNA extraction and PCR amplification
After treatment with proteinase K, EDTA (0.5 M) and 10% w/v SDS at 55
• C for 3 h, the total DNA of the whole viral community was extracted by the phenol/chloroform/isoamylol method. The g23 gene fragments of the T4-type phages were amplified with the degenerate primers MZIA1bis (5 -GATATTTGIGGIGTTCAGCCIATGA-3 ) and MZIA6 (5 -CGCGGTT GATTTCCAGCATGATTTC-3 ) as described by Filée et al. (Filée et al. 2005) . The PCR products were checked on a 2% w/v agarose gel with 1× TAE buffer (40 mM Tris-HCl, 40 mM acetate and 1.0 mM EDTA, pH 8.0) and further purified with the AxyPrep Gel Extraction Kit (Axygen Scientific, Inc., USA) according to the manufacturer's instructions. The purified DNA was cloned into the pMD18-T plasmid vector (TaKaRa Biotechnology Co., Ltd, Dalian, China) and transformed into Escherichia coli TOP10 competent cells (TaKaRa Biotechnology Co., Ltd, Dalian, China). Approximately 100 clones from each transformation were chosen. The positive clones were sequenced by the ABI3730xl sequencer (Applied Biosystems, Carlsbad, CA).
Phylogenetic analysis
The sequences were edited and translated by BioEdit (version 5.0.7; Hall, 1999) . The closest relatives of the g23 sequences were examined using the Basic Local Alignment Search Tool (BLAST) search program on the NCBI website (http://www.ncbi.nlm.nih.gov/) at the amino acid level. The amino acid sequences were aligned by ClustalX and manually refined. Distances between the DNA sequences in the libraries were pairwise calculated by the DNAdist program of PHYLIP (http://evolution.genetics.washington.edu/phylip.html).
The operational taxonomic units (OTUs) and abundancebased coverage estimator of each library were measured using the software DOTUR (http://schloss.micro.umass.edu/ software/dotur.html), based on 3% divergence of the DNA sequence. A phylogenetic tree was constructed by the neighborjoining method with 1000-fold bootstrap support using the MEGA 6.0 software package (Arizona State University, AZ, USA).
Statistical analysis
Pearson correlation analysis and analysis of variance were performed using SPSS statistics software (SPSS, Chicago, IL, USA).
The relationships between viral abundance and the measured environmental variables were investigated by distance-based multivariate multiple regression analysis (DISTLM forward) using Primer 6 (Primer-E, Plymouth, United Kingdom) with the PER-MANOVA + add-on package.
Nucleotide sequence accession numbers
The nucleotide sequences reported in this paper have been submitted to GenBank and assigned accession numbers KY685520-KY686070.
RESULTS AND DISCUSSION
Environmental characteristics and microbial abundance
The spatial profiles of temperature, salinity, pH, nitrate, nitrite, phosphate and silicate at the six sampling sites (Fig. 1 ) are shown in Table 1 . The lowest salinity (26.48) was detected at station N1, which receives the outflow of Jiulong River, and the highest (32.34) was found at station S3, near the open sea. The temperature showed little fluctuation, ranging from 23.8
The JRE environment was weakly alkaline, with a narrow pH range (8.31-8.64) among the sites. The nitrogen (nitrate + nitrite) and phosphate concentrations were very heterogeneous. The dissolved phosphate levels were lowest at stations S2 (off-shore), whereas the near-shore stations N1 and N2 showed high concentrations of nitrogen (nitrate + nitrite) and phosphate, likely resulting from the combined effect of river outflow, surrounding human activities and industrial wastewater discharged into these waters. The abundance of viruses ranged from 1.01 ± 0.05 × 10 7 particles mL −1 at Station S1 to 1.62 ± 0.09 × 10 7 particles mL −1 at station N2 (Fig. 2) . Meanwhile, the abundance of heterotrophic prokaryotes ranged from 1.29 ± 0.02 × 10 6 to 2.75 ± 0.11 × 10 6 particles mL −1 , being highest at the estuary station N1, followed by the bay station N3. Generally, the viral and heterotrophic prokaryotic abundances were significantly higher at the nearshore stations than at the off-shore stations (t-test, P ≤ 0.05), consistent with the distribution of nitrogen and phosphate concentrations (Table 1) . The virus-to-prokaryote ratio ranged from 4.70 at the near-shore station to 8.92 at station N1. The Synechococcus abundance varied from 4.30 ± 0.20 × 10 3 to 1.69 ± 0.02 × 10 4 particles mL −1 , and was highest at the off-shore station S3. The biotic and abiotic environmental variables that best explain the variability in the viral and heterotrophic prokaryote abundances (Table 2) were selected by multivariate multiple regression analysis. The variability in viral abundance was mainly explained by temperature and PO 4 3− , which together accounted for 97.25% of the total variation. The variability in heterotrophic prokaryotic abundance was mainly explained by the abundance of picoeukaryotes and Synechococcus, which together accounted for 96.09% of the total variation. Although the temperature was relatively invariant (ranging from 23.8
• C to 24.4
• C), it significantly explained the variation of viral abundance in the JRE. A previous study proposed that temperature controls the variations in viral abundance by affecting the viral abundance, diversity and host activity (Danovaro et al. 2011) . A similar observation was documented along the northeastern coast of New Zealand, where the small temperatures fluctuation (ca. 0.5 • C) strongly predicted the increases in the production rate of viruses (Matteson et al. 2012) . Both studies suggested that viruses respond to even small changes in sea-surface temperatures. In general, viral abundance and distribution patterns are positively correlated with the trophic conditions, which are also related to the abundance and activity of viral hosts. For instance, viral production is higher in the eutrophic waters of the Brisbane River than in oligotrophic waters, and adding inorganic nutrients enhances the viral production rates by 14%-52% (Hewson et al. 2001) . In the present study, the nitrogen and phosphate concentrations were high at the nearshore stations (N1 and N2) of the JRE. The high nutrient level at these sites might increase the viral abundance by supporting larger host populations. The population size of virioplankton might also be affected by environmental factors that were not measured in the present study. For example, higher bacterial activity (e.g. bacterial production) is thought to increase the infection rate and burst size of viruses, resulting in higher viral abundance (Mojica and Brussaard 2014) . Solar radiation, especially UV-B, is one of the main causative factors of both the destruction and the loss of infectivity of viruses in surface waters. In estuary areas, these factors are associated with physical and chemical conditions (e.g. turbidity and nutrient levels), and should be considered in future studies. In addition, we observed no significant correlation between viral and heterotrophic prokaryotic abundance, which is reported in numerous studies (Wigington et al. 2016) . However, the viral and prokaryotic abundances were significantly correlated in a preliminary springtime study of the JRE (Cai et al. 2015a ). This suggests that the microbial community in this subtropical estuary ecosystem is spatially and temporally complex and dynamic.
Morphological characteristics of virus-like particles
Non-tailed and three types of tailed (myoviruses with contractile tails, siphoviruses with long and non-contractile tails and podoviruses with short tails) viral particles were commonly observed for virioplankton at all stations (Fig. 3 ). This result is consistent with previous global morphological analysis of marine viruses, which shows minimal regional variation and the lack of evident influence of environmental factors (Brum, Schenck and Sullivan 2013) . In the global survey, our previous metagenomic analysis and our current TEM observations, T4-like myoviruses are one of the frequently observed viral groups (Brum, Schenck and Sullivan 2013; Cai et al. 2016) , we assessed their diversity through the g23 gene, a widely used genetic marker encoding the major capsid protein (see below). Previous studies suggested that the variation of head size of T4-like myoviruses was related to the length of g23 genes, with a positive correlation between open reading frame length and head size (Filée et al. 2005) . For example, the capsid sizes of phage P-SSM2 and phage nt-1 are (89 × 89) nm and (72 × 137) nm, respectively, and the respective PCR products are 483 bp and 564 bp long. In the present study, the length of the g23 PCR fragment ranged from 390 bp to 486 bp, and the head size varied from approximately 50 × 50 nm to 80 × 90 nm.
Diversity and biogeography of the T4-like myoviruses in the JRE
Six clone libraries of the T4-like myoviruses g23 gene were constructed for the JRE samples. In total, 551 sequences were identified as the g23 fragments and 182 OTUs were obtained with a criterion cut-off of 97%. The number of OTUs per sample varied between 26 and 62 (Table 3 ). According to the Shannon, Simpson and Chao1 diversity indices, the T4-like myoviruses were more diverse at the near-shore stations N1 and N3 than at the offshore stations S2 and S3. This result might be explained by the The response variable was log-transformed and the resulting data were converted to Euclidian distance similarity matrices. The Pseudo-F and P-values were obtained by permutation (n = 999). strong inputs of both fresh water and pollution at the near-shore stations, which encourage a complex and diverse viral community. The identified OTUs were used to construct a phylogenetic tree with previously published g23 sequences including sequences from open sea, paddy soil, lake and the isolated phages infecting Synechococcus and Prochlorococcus (Filée et al. 2005; Fujii et al. 2008; Butina et al. 2010) (Fig. 4) . According to previous studies, T4-like myoviruses from marine, paddy soil, freshwater and terrestrial environments generally form different groups that are specific to their environments. As a joint area between marine and terrestrial environments with freshwater input, estuaries are expected to harbor diverse viral communities from different sources. Supporting this notion, the g23 sequences extracted from the JRE samples were affiliated with the previously described Marine Group, Paddy Group and Lake Group (Fig. 5B) . Two novel T4-like myovirus groups, specific to estuarine environments, were also identified and assigned as Estuary Groups. The most abundant myoviruses genotypes were affiliated to Marine Group (417 sequences), accounting for 78% of the total sequence (51.65%-93.48% among the six stations). The next most abundant genotypes were assigned to the Paddy Group (63 sequences; 12% of the total sequence number, range 0%-33.33% among the six stations). The Estuary Group (34 sequences) and Lake Group (21 sequences) accounted for 6% (range 1.15-8.89%) and 4% (range 0%-13.19%) of the total number of sequences, respectively (see Fig. 5A ; Table S1 , Supporting Information). The sequences with relative abundance above 1% (the 18 most-dominant OTUs, comprising 54.02% of all sequences) were compared with those in the GenBank database using the BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) to identify known sequences with high similarity. After the alignment, seven of the dominant OTUs were affiliated with the Exo T-evens marine subgroup, 5 were assigned to Marine Group IV, 3 were affiliated with Marine Group I, 2 belonged to Estuary Group and 1 was affiliated with the Paddy Group.
Marine Groups I and IV, the Exo T-evens group and Estuary Groups I and II were observed at all six stations in the JRE (Fig. 6) . The overlap in viral community composition from estuary and near-shore to the off-shore in JRE suggests extensive exchange of viral populations, possibly through frequent advection and mixing of water mass. In addition, myoviruses showed certain microbial geographic distribution in JRE. For example, the sequences belonging to Marine Group V were detected only at offshore stations (e.g. S2 and S3) and those assigned to the Paddy Group appeared exclusively at the near-shore stations (N1, S1, N3 and N2). Previous studies showed clear biogeographic patterns for heterotrophic bacteria and cyanobacteria in various estuary area (Kan et al. 2008; Jamindar et al. 2012; Shan et al. 2015) . Therefore, the spatial variability of T4-like myoviruses may be linked to the spatial distribution of their hosts in the JRE.
Major groups of T4-like myoviruses in JRE
Marine group
The most diverse (106 OTUs) and abundant group in the JRE g23 clone libraries, namely, the Marine Group, is divisible into five subgroups: Marine Groups I, II, IV, V and Exo T-evens. Among these, Exo T-evens is the most diverse (46 OTUs) and abundant (224 sequences, 41.87%). In the phylogenetic analysis, this subgroup separated into two clusters, Exo T-evens-1 (31 sequences) and Exo T-evens-2 (193 sequences). The Exo T-evens-1 cluster is most closely related to the g23 sequences of Synechococcus phages (e.g. S-PM2 and S-PWM3) and Prochlorococcus phages (e.g. P-SSM2 and P-SSM4), whereas the Exo T-evens-2 sequences are mainly affiliated with environmental sequences recovered from the Pacific Ocean (Filée et al. 2005) . Previous investigations performed in marine and freshwater environments showed that Exo T-evens subgroup dominated in the habitats with abundant picoplanktonic cyanobacteria such as Synechococcus (Filée et al. 2005; Butina et al. 2010 ). In our study, the relative abundance Figure 4 . Neighbor-joining phylogenetic tree relating the g23 amino acid sequences of the OTUs obtained in the JRE. Sequences were assigned to Marine Groups (blue), Paddy Groups (orange), Estuary Groups (yellow), Lake Groups (green) and T-evens, Schizo T-evens, Pseudo T-evens (gray). Bootstrap values greater than 50% were shown. The scale bar represents the abundance of amino acid substitution per residue.
of the Exo T-evens subgroup was the highest at the off-shore sites (stations S2 and S3), where the Synechococcus abundance was high (1.69 × 10 4 cells mL −1 ).
Marine Groups I and IV, which were recovered from all six of the sample stations, also formed diverse (35 and 19 OTUs respectively) and abundant (16.64% and 17.94% respectively) subclusters. Both groups have a wide geographical distribution and were present in samples collected from various marine environments, including the north-eastern Gulf of Mexico, the northeastern Pacific and the Arctic glaciers (Filée et al. 2005; Bellas and Anesio 2013) . Interestingly, despite their geographically disconnected locations, rice field soils in northeast China (Wang et al. 2009b) and cryoconite holes on the surfaces of Arctic glaciers (Bellas and Anesio 2013) yielded similar sequences. These results suggest that Marine Groups I and IV can move around the biosphere and are ecologically flexible. For instance, viruses in these groups might inhabit a broad host range (Breitbart, Six sequences (4 OTUs) in Marine Group V were recovered from the off-shore stations S2 and S3. A previous study demonstrated that Marine Group V mainly restricted to the Gulf of Mexico (Filée et al. 2005) , which is located in a similar subtropical area to JRE. Thus, we hypothesize that Marine Group V is a group of T4-like myoviruses with a relatively narrow distribution, confined to subtropical oceans. In addition, Marine Group II sequences, which are closely related to sequences from the Pacific and Arctic Oceans, were rare in the JRE (2 sequences; 0.37%). This finding supports a previous proposal that T4-type phages in Marine Group II are better adapted to open sea than estuary environments (Filée et al. 2005) .
Paddy and lake groups
Sixty-three sequences (11.78%) from the JRE samples were closely related to sequences extracted from paddy fields. The paddy g23 sequences (60 of 63) were mostly confined to three major paddy subclusters (VII, IX and an unidentified one). Interestingly, although Paddy Groups VII and IX were detected in paddy-field samples from both northeast China and Japan, the JRE subclusters were more similar to the northeast China subcluster. The g23 sequences from this subtropical estuary likely reflect the genetic differences in faraway terrigenous viral communities. Moreover, the 28 sequences forming an unclassified cluster close to Paddy Groups III and IX were confined to the near-shore stations N1, N2 and N3. Their closest relatives (with 95%-98% amino acid similarity) were sequences extracted from rice field subsoils in Japan and the paddy water of northeast China (Wang et al. 2009a , Wang et al. 2009b .
Sixteen sequences (3.00% of the total number of sequences) in this study were highly similar to g23 sequences of the Lake Group (Butina et al. 2010) . In addition, five sequences presenting only at station N3 were extremely different from the other JRE sequences, and formed a small group of five phylogenetically distinct OTUs. These sequences were most closely affiliated with freshwater sequences, sharing 85% and 98% amino acid identities with sequences AKZ31902 and AKZ31923, respectively, from the East Lake of China (Wang et al. 2015) . The much lower percentage of Lake Group than Paddy Group sequences in the JRE may be explained by the vast number of rice cultivation fields and the absence of any large lakes upstream of the Jiulong River. Nevertheless, certain g23 sequences from the subtropical JRE were similar to those from remote lakes (such as Lake Baikal in Russia, (Butina et al. 2010) , suggesting a widespread distribution of these freshwater T4-like myoviruses.
The strong grouping of JRE g23 sequences into paddy and lake groups is not unexpected, as these environments are connected by the river. The presence of soil and lake phages suggests that both types can successfully colonize estuarine ecosystems. Although we lack evidence from a virus transplantation experiment, we propose that phages infect hosts occupying different biomes, given their detection in freshwater, marine, soil and sediment environments (Sano et al. 2004; Bellas and Anesio 2013) . When active viral populations originating from different biomes gather in the same locality (such as an estuary), the opportunities for genetic exchange among the viruses and their hosts are increased. However, the impacts of these allochthonous sources may be geographically small in the JRE, as no paddy sequences were found at the typical off-shore stations (S2 and S3). In estuary areas such as the JRE, allochthonous freshwater viruses may rapidly decay or be rapidly sedimented with sinking particles. Nevertheless, our data demonstrate that estuaries are excellent areas for investigating the movements of viral populations among biomes, as well as their spatial dynamics, activity and fate.
None of the g23 sequence fragments detected in this study were affiliated with the T-evens, Pseudo T-evens or Schizo T-evens subgroups, which usually infect enterobacteria. These findings are consistent with our TEM analysis and the length of the PCR products, which confirmed the absence of largeheaded morphotypes and long PCR products (>600 bp), respectively. In a 454 pyrosequencing study, enterobacteria constituted a very low proportion of bacterioplankton communities in the JRE (Shan et al. 2015) . Additionally, in a viral metagenomic analysis of the JRE (Cai et al. 2016) , none of the reads homologous to g23 sequences were classifiable into enterobacteria-specific phages. These observations corroborate the results presented in this study.
Novel g23 groups in the estuary environments
Multiple alignment of the viral g23 sequences extracted from JRE samples revealed unique sequences found only in estuary ecosystems. We designated these novel sequences as the Estuarine Group (EG I and EG II). Subgroup EG1 was a group of 17 sequences that significantly differed from the other JRE sequences. All members of EG I shared only approximately 50% amino acid identity with other phages in the GenBank database. Sequences in EG I were recovered from five samples (N2, N3, S1, S2 and S3), and were dominated by sequences from the offshore station S3. EG II also includes 17 sequences (accounting for 3.18% of the total number of g23 sequences). The EG II subgroup was retrieved from all sampling stations, but was dominated by sequences from the near-shore station N2. These sequences can be divided into 9 OTUs, 8 of which are closely related in the phylogenetic tree and show 69%-83% amino acid identity to phages in the water of Chesapeake Bay, a typical estuary area (Jamindar et al. 2012) . The environmental gradients formed in estuarine areas (such as salinity and nutrient gradients) create unique ecological niches for bacterioplankton. For example, novel SAR11, Roseobacter, SAR86 and Actinobacteria were found in Chesapeake Bay, suggesting that estuaries support specific and active bacterioplankton groups (Kan et al. 2008) , as viral hosts. Some cyanobacterial viruses in the well-studied Chesapeake Bay, such as S-CBP1 and S-CBP3, might be specific to the estuary (Chen and Lu 2002; Huang et al. 2015) . Together with novel viruses isolated from the JRE (Cai et al. 2015b); Ji, Zhang and Jiao 2015) , our data suggest that the JRE also supports locally adapted phage-host communities, which is deemed worthy of further investigations.
CONCLUSION
The present study highlights our incomplete knowledge of phage diversity in the biosphere, especially in estuarine ecosystems. In this study, we showed that T4-type phages not only prevail in subtropical estuarine biotopes but are morphologically and phylogenetically diverse. The molecular evidences in this study suggest that diverse bacteriophage communities present in estuary environments, including T4-type virus subgroups originating from different ecosystems. In the multiple sequence alignment, we identified two novel clusters of g23 sequence fragments in the JRE samples that potentially represent novel phages unique to the estuary environment. The study findings provide insights into the microbial communities in a typical subtropical estuary ecosystem, and highlight the suitability of the JRE estuary as a model system for investigating the movement of viruses among biomes.
